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POST THERMAL TREATMENT METHODS OF FORMING HIGH DIELECTRIC 
LAYERS OVER INTERFACIAL LAYERS IN INTEGRATED CIRCUIT DEVICES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims priority to Korean Patent Application No. 2002-54606, 
filed on September 10, 2002 in the Korean Intellectual Property Office, Korean Patent 
Application No. 2003-61702 filed on September 4, 2003 in the Korean Intellectual Property 
Office, and United States Patent Application No. 10/650,415, filed on August 28, 2003, the 
disclosures of which are incorporated herein in their entirety by reference. 

FIELD OF THE INVENTION 
[0002] The present invention relates to methods for forming dielectric layer structures 
in integrated circuit devices. 

BACKGROUND OF THE INVENTION 

[0003] As semiconductor devices become highly integrated and the thickness of gate 
insulating layers becomes smaller, new materials are being developed for the gate insulating 
layers. Silicon oxide (SiOa) layers may be used as gate insulating layers in today's 
semiconductor devices. Silicon oxides may be used as gate insulating layers because of their 
thermal stability, reliability, and ease of production. However, the dielectric constant of silicon 
oxide layers is about 3.9, which may pose some limitations on the ability to scale silicon oxide 
layers to different sized semiconductor devices. In particular, the leakage current of silicon 
oxide can greatly increase as the thickness of the silicon oxide layer decreases. 

[0004] As an alternative to silicon oxide layers, high dielectric layers have been 
studied. High dielectric layers can be used in place of silicon oxide layers as gate insulating 
layers. When high dielectric layers are used as the gate insulating layer, leakage current can be 
reduced by making the high dielectric layer thicker than the silicon oxide layer while maintaining 
the same capacitance value. Some common substances that may be used in the formation of high 
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dielectric layers include (Bax, Sri,x) TiOi (BST), Ti02, TaaOs, AI2O3, Zr02, Zr silicate, HfD2, or 
Hf silicate. 

[0005] The use of high dielectric layers as gate insulating layers, however, may have 
some problems. For instance, if a BST layer, a TiOi layer, or a Ta205 layer is directly deposited 
on a silicon substrate, interfacial characteristics with the silicon substrate may become poor and 
the leakage current may increase. In addition, interface trap charge densities may increase and 
the mobility may decrease. The use of aluminum oxide (AI2O3) as a high dielectric layer may 
provide a high thermal stability, however, aluminum oxide has a relatively low dielectric 
constant of about 1 1 and a threshold voltage that can be difficult to control. 

[0006] It has also been suggested to use a zirconium oxide layer, a zirconium silicate 
layer, a hafoium oxide layer, or a hafnium silicate layer as high dielectric layers. Each of these 
compounds may have moderate thermal stability and mid level dielectric constants of about 12- 
25. However, zirconium oxide layers can react with polysilicon, therefore it may not be 
desirable to use zirconium oxide layers alone. Hafnium oxide layers can become thick and can 
be easily crystallized, resulting in increases in the leakage current through grain boimdaries. In 
addition, the threshold voltages of devices including zirconium oxide layers and hafiiium oxide 
layers can be difficult to control, making these compounds xmdesirable as high dielectric layers. 

SUMMARY OF THE INVENTION 
[0007] The present invention relates to methods for forming high dielectric layers in 
integrated circuit devices and treating the high dielectric layers. In particular, various 
embodiments of the present invention relate to methods for treating high dielectric layers of 
integrated circuit devices, wherein the high dielectric layers may include aluminum oxide layers, 
yttrium oxide layers, hafiiium oxide layers, and/or zirconium oxide layers. The embodiments of 
the present invention provide methods for nitriding, oxidizing, and/or annealing the high 
dielectric layers. 

[0008] Various embodiments of the present invention involve methods for treating or 
forming one or more high dielectric layers of one or more integrated circuit devices. The high 
dielectric layers may include layers of hafnium oxide, zirconium oxide, and/or Group 3 metal 
oxide layers, such as aluminum oxide and yttrium oxide. The high dielectric layer may also be 
deposited on or include an ozone oxide layer in certain embodiments of the present invention. 
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For the purposes of explaining the various embodiments of the present invention, the recitations 
of "Group 3 metal" means and includes all metals in Group 3 of the periodic table. This 
includes, for example, Sc, Y, La, Ac, B, Al, Ga, In, and Tl. For instance, in various 
embodiments of the present invention a high dielectric layer may include a nano laminate formed 
over an ozone oxide layer, the nano laminate including a hafiiium oxide layer or a zirconiimi 
oxide layer and a Group 3 metal oxide layer. 

[0009] In varioiis embodiments of the present invention, a method for treating one or 
more high dielectric layers of one or more integrated circuit devices involves the nitriding of a 
silicon substrate upon which the high dielectric layer is formed. The nitriding of the substrate 
may be performed, for example, by using a nitrogen plasma treatment, a thermal treatment in a 
nitrogen atmosphere, or a thermal treatment of a nitrogen layer formed on the substrate. 
FoUovi-'ing nitriding, the silicon substrate and high dielectric layer are post treated by oxidizing 
the substrate to which the nitriding was applied, annealing the substrate to which the nitriding 
was applied, or by both oxidizing and annealing the substrate to which the nitriding was applied. 

[0010] In certain embodiments of the present invention, the post treatment of a silicon 
substrate and high dielectric layer involves the annealing of the nitrided silicon substrate and 
high dielectric layer. The post treatment anneal may be performed in an atmosphere of inert gas 
or gases, heavy hydrogen, hydrogen, mixtures of nitrogen and hydrogen gas, or in a vacuum. 
The post treatment anneal following nitriding may be performed at temperatures at or between 
about 750 ®C and about 1 100 ®C and in other embodiments between about 950 and about 
llOO^C. 

[0011] In other embodiments of the present invention, the post treatment of a nitrided 
silicon substrate and high dielectric layer involves oxidizing the silicon substrate and high 
dielectric layer to which the nitriding was applied. The post treatment oxidizing may be 
performed using wet or dry oxidizing techniques to oxidize the silicon substrate where the high 
dielectric layer is formed. Oxidization of the silicone substrate and high dielectric layer may be 
performed with ozone, radical oxygen, and/or oxygen plasma. The oxidizing may be performed 
at or between temperatures of about 700 °C to about 900 in some embodiments. 

[0012] Other embodiments of the present invention involve the post treatment 
oxidization of the silicon substrate and high dielectric layer to which nitriding was applied, 
followed by the annealing of the nitrided and oxidized silicon substrate and high dielectric layer. 
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The oxidization may be performed using ozone, radical oxygen, and/or oxygen plasma, and may 
be carried out at or between temperatures of about 700 °C to about 900 **C. The aimealing 
process may be performed at or between temperatures of about 750 to about 1 100 °C and 
preferably between about 950 ''C and about 1 1 00 ""C. 

[0013] According to other embodiments of the present invention, methods for forming 
high dielectric layers in semiconductor devices involve the formation of an ozone oxide layer on 
a silicon substrate and the formation of a high dielectric layer over the ozone oxide layer or the 
formation of an ozone oxide interfacial layer between a high dielectric layer and an integrated 
circuit. The high dielectric layer may be formed over the ozone oxide layer according to 
embodiments of the present invention and treated or post-treated according to embodiments of 
the present invention, 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] The invention can be more readily ascertained from the following description 
of the invention when read in conjunction with the accompanying drawings in which; 
[0015] FIG. 1 illustrates a schematic diagram of a semiconductor device to which the present 
invention may be applied; 

[0016] FIGS. 2-5 are flowcharts illustrating methods for post thermally treating a high 
dielectric layer of a semiconductor device according to embodiments of the present invention; 
[0017] FIGS. 6A and 6B are graphs illustrating C-V curves of nMOS (n-channel metal oxide 
semiconductor) structures and pMOS (p-channel metal oxide semiconductor) structures for a 
Rapid Thermal Anneal (RTA) sample; 

[0018] FIG. 7 is a graph illustrating the relationship between leakage current and an 
equivalent oxide thickness (EOT) for a Rapid Thermal Nitride Oxide Anneal (RTNOA) sample 
and an RTA sample; 

[0019] FIGS. 8A and 8B are graphs illustrating C-V curves of nMOS structures and pMOS 
structures for an RTA sample; 

[0020] FIGS. 9A and 9B are graphs illustrating C-V curves of nMOS structures and pMOS 
structures for an RTNOA sample; 
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[0021] FIGS. lOA and lOB are graphs illustrating transconductance values with respect to the 
electric fields of nMOS structures and pMOS structures for an RTA sample and an RTNOA 
sample; 

[0022] FIGS. 1 1 A and 1 IB are graphs illxistrating the current in an on-state (Ion) and the 
current in an off-state (lofif) of the nMOS structures and the pMOS structures for an RTA and an 
RTNOA sample; 

[0023] FIG. 12 illustrates a cross-sectional diagram of a semiconductor device according to 
embodunents of the present invention; 

[0024] FIGS. 13A and 13B illustrate leakage currents for an Ozone Rapid Thermal Nitride 
Oxide Anneal (ORTNOA) sample, an RTNOA sample, and a nitride silicon oxide (NSIO) 
sample; 

[0025] FIG. 14 illustrates a graph of the negative bias temperature instability (NBTI) for a 
ORTNOA sample and a RTNOA sample; and 

[0026] FIGS. 15A and 15B are graphs illustrating C-V characteristics and transconductance 
(Gm) characteristics for an ORTNOA and a RTNOA sample. 

DETAILED DESCRIPTION OF EMBODIMENTS ACCORDING TO THE INVENTION 
[0027] The present invention now will be described more fiiUy hereinafter with 
reference to the accompanying drawings, in which embodiments of the invention are shown. 
This invention may, however, be embodied in many different forms and should not be construed 
as limited to the embodiments set forth herein; rather, these embodiments are provided so that 
this disclosure will be thorough and complete, and will fiilly convey the scope of the invention to 
those skilled m the art. Although various embodiments of the present mvention may be 
described with reference to semiconductor devices, it is understood that the embodiments of the 
invention apply to integrated circuit devices as well. In tfie drawings, the thickness of layers and 
regions are exaggerated for clarity. Like numbers refer to like elements throughout. It will be 
understood that when an element such as a layer, region or substrate is referred to as being "on" 
or "onto" another element, it can be dhectly on the other element or intervening elements may 
also be present. When an element such as a layer, region or substrate is referred to as bemg 
"dkectly on" another element, it is in direct contact with that other element. 
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[0028] FIG. 1 illustrates a schematic diagram of a semiconductor device 90 and high 
dielectric layer that may be used with, or may be formed according to, various embodiments of 
the present invention. The semiconductor device includes a silicon substrate 10 and a high 
dielectric layer 12 overlying the silicon substrate 10. In some embodiments, the semiconductor 
device may also include a polysilicon layer 14 formed over the high dielectric layer 12. Arsenic 
(As) may be implanted into the nMOS (n-chaimel metal oxide semiconductor) regions of the 
semiconductor device and boron (B) may be implanted into the pMOS (p-chaimel metal oxide 
semiconductor) regions of the semiconductor device. 

[0029] FIG. 12 illustrates a cross-sectional diagram of a semiconductor device 95 
having a high dielectric layer that may be used with, or may be formed according to, various 
embodiments of the present invention. The semiconductor device includes a silicon substrate 10, 
an interfacial layer 1 1 on the silicon substrate, and a high dielectric layer 12 overlying the 
interfacial layer 11. According to some embodiments of the present invention, the interfacial 
layer 1 1 is an ozone oxide layer. In some embodiments, the semiconductor device may also 
include a polysilicon layer 14 formed over the high dielectric layer 12. Arsenic (As) may be 
implanted into the nMOS regions of the semiconductor device and boron (B) may be implanted 
into the pMOS regions of the semiconductor device. 

[0030] The methods and processes of various embodiments of the present invention 
may be applied to silicon substrates 10 having high dielectric layers 12 already formed thereon 
or to silicon substrates 10 having interfacial layers 1 1 and high dielectric layers 12 already 
formed thereon. In other embodiments, it may be desirable to form the high dielectric layer 12 
from particular compositions in order to control or modify the electrical and physical 
characteristics of the high dielectric layers 12. The high dielectric layers 12 formed according to . 
embodiments of the present invention may be formed directly on silicon substrates 10 or on 
silicon substrates 10 with one or more interfacial layers 11. 

[0031] For example, it may be desirable to form at least a portion of the high dielectric 
layer 12 from aluminum oxide. As compared to silicon oxide layers, the flatband voltage of 
aluminum oxide layers is to the right of the silicon oxide layers on a capacitance-voltage plot. 
This indicates that the aluminum oxide layer exhibits a negative fixed charge. Aluminum oxide 
layers also exhibit superior thermal stability when compared to other materials used to form high 
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dielectric layers. However, the dielectric constant of aluminum is about 1 1 , which is not high in 
comparison with other high dielectric layers 12. 

[0032] Other compositions may also be used to form at least a portion of a high 
dielectric layer 12. For instance, hafiiium oxide layers and/or zirconium oxide layers may be 
used. The flatband voltage of hafiiium oxide layers and zirconixun oxide layers on a capacitance- 
voltage plot is to the left of that of a silicon oxide layer. This indicates that hafiiium oxide layers 
and zirconium oxide layers have a positive fixed charge. Hafiiium oxide layers and zirconium 
oxide layers also exhibit relatively high dielectric constants, with values between about 12 and 
25- In addition, the thermal stability of hafiiium and zirconium oxide layers is superior to other 
layers used as high dielectric layers 12. Hafiwirai oxide layers, as appreciated by the inventors, 
can be easily crystallized, which can increase leakage current, making their sole use as high 
dielectric layers 12 less desirable. Similarly, the inventors also appreciate that zirconium oxide 
layers used alone can increase current leakage because they may tend to react with polysilicon 
layers overlying the high dielectric layers 12 in a semiconductor device. 

[0033] According to some embodiments of the present invention, nano laminates 
formed by depositing aluminum oxide layers followed by hafiiium oxide layers and/or zirconium 
oxide layers may be used as high dielectric layers 12. In other embodiments, high dielectric 
layers 12 may include nano laminates formed by depositing hafiiium oxide layers and/or 
zirconium oxide layers followed by alumimmi oxide layers. In still other embodiments, the 
aluminum oxide layers may be replaced by a layer of a Group 3 metal oxide. For instance, 
yttrium oxide layers may be used in place of the aluminum oxide layers. In either case, the 
combination of Group 3 metal oxide layers and hafiiium oxide layers and/or zirconium oxide 
layers in the nano laminate takes advantage of the electrical and physical characteristics offered 
by each composition. 

[0034] For instance, in certain embodiments of the present invention a nano laminate 
is formed as the high dielectric layer 12. The nano laminate may be formed by depositing in turn 
a hafnium oxide layer and/or a zirconium oxide layer and a Group 3 metal oxide layer, such as 
aluminum oxide, on a silicon substrate 10. In other embodiments, the nano laminate may be 
formed by depositing in turn a Group 3 metal oxide, such as aluminum oxide or yttrium oxide, 
and a hafiiium oxide or zirconium oxide layer. Nano laminates formed according to 
embodiments of the present invention form the high dielectric layer 12. The various layers of the 
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nano laminate may be applied to the silicon substrate 10 using atomic layer deposition. In other 
embodiments, an interfacial layer 11, such as an ozone oxide interfacial layer 11, may be 
positioned between the nano laminate and the silicon substrate 10. The thickness of the nano 
laminate layers may be adjusted in accordance with known methods of atomic layer deposition. 

[0035] The nano laminates of the present invention may also be formed from silicates 
and may be deposited alone or in conjimction with oxide layers. Silicates such as hafiiium 
silicate, zirconium silicate, and/or aluminum silicate have dielectric constants of 10 to 12 and are 
stable in silicon substrates. Silicate materials such as hafiuimi silicate and zirconixmi silicate also 
remain amorphous under thermal budgets of about 900 ^'C and provide superior interfacial 
characteristics when used as gate insulating layers. 

[0036] According to other embodiments of the present invention, the high dielectric 
layers 12 may be formed over an interfacial layer 11. The interfacial layer 1 1 may include an 
ozone oxide layer deposited over a silicon substrate or integrated circuit on which a high 
dielectric layer 12 is to be formed. An ozone oxide interfacial layer 1 1 may be formed on a 
silicon substrate 10 using ozone. For example, an ozone oxide interfacial layer 1 1 may be 
deposited on a silicon substrate 10 by flushing the silicon substrate 10 with ozone in situ. In 
other embodiments, an ozone oxide interfacial layer 1 1 may be applied with an atom layer 
depositing device similar to those used to form a high dielectric layer 12. In other embodiments 
the oizone oxide interfacial layer 1 1 may be formed using a chemical evaporation depositing 
device or chemical vapor deposition. In some embodiments, the ozone oxide interfacial layer 1 1 
is formed with a thickness of about 8 A or less. The ozone oxide interfacial layer 1 1 may also be 
formed at a temperature of between about 320 °C to about 450 °C. The presence of an ozone 
oxide interfacial layer 1 1 between a high dielectric layer 12 and a substrate can reduce the 
leakage current negative bias temperature instability (NBTI) of the device. The interfacial layer 
1 1 may be formed prior to the deposition of the nano laminate that forms the high dielectric layer 
12. 

[0037] The formation of nano laminates as high dielectric layers 12 does not solve all 
of the problems associated with high dielectric layers 12. In order to help overcome some of the 
associated problems, the treatment methods of the present invention may be applied to silicon 
substrates 10 and high dielectric layer 12 and/or to silicon substrate 10, interfacial layer 11, and 
high dielectric layer 12 structures. Although various embodiments of the present invention are 
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described with respect to silicon substrate 10 and high dielectric layer 12 structures, it is 
understood that silicon substrate 10, interfacial layer 11, and high dielectric layer 12 structures 
may be formed and/or treated in the same manner. 

[0038] According to various embodiments of the present invention, silicon substrates 
10 and high dielectric layers 12 may be treated before a polysilicon layer 14 is formed on the 
semiconductor device. Implantation of arsenic and boron into the nMOS region and pMOS 
region respectively is followed by an activation anneal. The activation anneal produces a lower 
electrode, which is the silicon layer 10, and an upper electrode, which is the polysilicon layer 14. 
The characteristics of the high dielectric layer 12 may be determined and evaluated for use as a 
gate insulating layer. It is also possible to apply the high dielectric layer 12 to a capacitor 
insulating layer of a semiconductor device or to an insulating layer between a floating gate and a 
control gate of a non-volatile device. ? 

[0039] The treatment of high dielectric layers 12 according to various embodiments of 
the present invention involves the nitriding of the high dielectric layer 12, which may include an 
interfacial layer 1 1, and silicon substrate 10, followed by a post treatment. The post treatment 
may include annealing, oxidation treating, or both oxidation treating and annealing the high 
dielectric layer 12 and silicon substrate 10. 

[0040] FIG. 2 illustrates a flowchart of a method of treating a high dielectric layer 12 
of a semiconductor device according to embodiments of the present invention. More 
specifically, in step 100, a nitriding treatment is applied to the silicon substrate 10. The nitriding 
treatment may be performed using nitrogen plasma treatments, thermal treatments in a nitrogen 
atmosphere, or by forming a nitride layer on the high dielectric layer 12 and then performing a 
post treatment. Other methods for nitriding substrates may also be employed. When the 
nitriding is accomplished using a nitrogen plasma treatment, the nitrogen plasma treatment is 
performed using decoupled plasma and a remote plasma or an axnmonia plasma. In those 
instances where a post treatment in a nitrogen atmosphere is used, the nitrogen atmosphere may 
include an ammonia (NH3) or a nitric oxide (N2O or NO) atmosphere. 

[0041] The nitriding treatment is applied to prevent boron included in the upper 
electrode of the polysilicon from penetrating into the high dielectric layer 12 through the grain 
boundary due to crystallization of the high dielectric layer 12. Boron mobility may be degraded 
if nitrogen exists at an interface of the poUy-silicon and the high dielectric layer 12 due to the 
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nitriding treatment Therefore, a nitrogen profile as illustrated can provide an amount of nitrogen 
in an upper portion of the high dielectric layer, i.e., adjacent to or between the high dielectric 
layer 12 and the upper electrode of the polysilicon, and a lesser amount of nitrogen in the silicon 
substrate, to reduce the amount of boron that may penetrate into the high dielectric layer 12. The 
nitrogen profile can be adjusted by varying the thickness of the high dielectric layer 12, for 
..example by profile designator 16 in FIGS. 1 and 12, while maintaining the same capacitance. 

[0042] In step 120, a post treatment is applied to the silicon substrate 10 to which the 
nitriding was applied. The post treatment is performed to reduce leakage current increases 
caused by an increase of trap sites after the nitriding. The post treatment is performed by 
annealing or by oxidation treating the silicon substrate 10 on which the high dielectic layer 12 or 
..high dielectric layer 12 and interfacial layer 1 1 are formed. A high dielectric layer 12 subject to 
the post treatments according to the present invention may exhibit superior quality, robust 
interfacial characteristics, and improved mobility. 

[0043] The high dielectric layer 12 subject to the post thermal treatments illustrated in 
FIG. 2 may be formed of a nano laminate by depositing in turn a hafiiium oxide layer (or a 
zu-conium oxide layer) and a Group 3 metal oxide layer, such as an aluminum oxide layer or a 
yttrium oxide layer. The high dielectric layer 12 may be formed on a silicon substrate 10 or on 
an interfacial layer 1 1 over a silicon substrate 10. 

[0044] FIG. 3 illustrates a flowchart of methods for treating a high dielectric layer of a 
semiconductor device according to other embodiments of the present invention. In step r 1 00, 
nitriding is applied to the silicon substrate 1 0, where the high dielectric layer 1 2 is formed ota 
nano laminate including a hafiiium oxide layer (or a zirconium oxide layer) and a Group 3 metal 
oxide layer (such as an aluminium oxide layer). The nano laminate may be formed according to 
embodiments of the present invention prior to nitriding. The methods and effects of the nitriding 
treatment are the same as described with respect to the embodiments illustrated by FIG. 2. 

[0045] In step 220, aimealing is applied to the silicon substrate to which nitriding was 
applied. The annealing is performed in the atmosphere of an inert gas, heavy hydrogen, 
hydrogen, a mixed gas of nitrogen and hydrogen, or in a vacuum. The annealing is performed at 
or between temperatures of about 950 ''C to about 1 100 ""C. Annealmg at such temperatures 
provides a densification effect and a robust interfacial layer. The annealing can also reduce 
defects that may occur as a result of the deposition of at least two metal oxide layers. A high 
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dielectric layer 12 formed according to the methods of the present invention can have superior 
qxiality, robust interfacial characteristics, and improved mobility. 

[00461 FIG. 4 illustrates a flowchart of methods for treating a high dielectric layer of a 
semiconductor device according to additional embodiments of the present invention. 
Specifically, in step 100, nitriding is applied to the silicon substrate 10, where the high dielectric 
layer 12 is formed of a nano laminate including a hafnium oxide layer (or a zirconium oxide 
layer) and a Group 3 metal oxide layer (such as an aluminium oxide layer). The methods of 
nitriding the silicon substrate 10 and high dielectric layer 12 and the effects of the nitriding 
treatment are the same as those described with respect to tiie embodiments illustrated by FIG. 2. 

[0047] An oxidation treatment is applied to the silicon substrate 10 in step 320. The 
oxidation treatment can be performed using either a wet or a dry oxidation of the silicon 
substrate 10 and high dielectric layer 12. If wet oxidation is performed, it may be performed 
using H2O, ISSG (In-Situ Steam Generation) or WVG (water vapor generation). In dry 
oxidation processes, the silicon substrate 10 and the high dielectric layer 12 are oxidized in an 
atmosphere of nitric oxide (N2O or NO) or oxygen. In addition, the oxidation treatment can be 
performed by oxidizing the silicon substrate 10 and the high dielectric layer 12 with ozone, 
radical oxygen, or oxygen plasma. High dielectric layers 12 formed according to these methods 
of the present invention can have superior quality, robust interfacial characteristics, and 
improved mobility. For example, the oxidation treatment may cure defects by removing trap 
sites such as oxygen vacancy in the high dielectric layer 12, and satisfy the stoichiometry of the 
metal oxide layers. 

[0048] Other embodiments of the present invention use both an oxidation treatment 
and annealing for the post treatment of the silicon substrate 10 and high dielectric layer 12 or 
silicon substrate 10, interfacial layer 11, and high dielectric layer 12. FIG. 5 illustrates a 
flowchart of the methods for treating a high dielectric layer of a semiconductor device according 
to such embodiments of the present invention. 

[0049] Nitriding is applied to a silicon substrate 10 and high dielectric layer 12 in step 
100 using the same methods and processes as in other embodiments of the invention. The high 
dielectric layer 12 may include hafnium oxide or zirconium oxide and a Group 3 metal oxide 
such as an aluminum oxide or yttrium oxide. 
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[00501 An oxidation treatment is applied to the silicon substrate 10 and high dielectric 
layer 12 in step 420. The oxidation treatment can be performed using either a wet or a dry 
oxidation of the silicon substrate 10 and high dielectric layer 12. If wet oxidation is performed, 
it may be performed using H2O, ISSG (In-Situ Steam Generation) or WVG (water vapor 
generation). In dry oxidation processes, the silicon substrate 10 and the high dielectric layer 12 
are oxidized m an atmosphere of nitric oxide (N2O or NO) or oxygen. In addition, the oxidation 
treatment can be performed by oxidizing the silicon substrate 10 and the high dielectric layer 12 
with ozone, radical oxygen, or oxygen plasma. The oxidation treatment may be at or between 
temperatures of about 700 °C to about 900 ''C. 

[00511 The oxidation treatment is followed by an annealmg treatment in step 440. 
The silicon substrate 10 and high dielectric layer 12 to which the nitriding and oxidation have 
been applied is annealed. The annealing is performed in the atmosphere of an inert gas, heavy 
hydrogen, hydrogen, a mixed gas of nitrogen and hydrogen, or in a vacuum. The annealing is 
performed at or between temperatures of about 950 ""C to about 1 100 °C. High dielectric layers 
12 formed according to these embodiments of the present invention can have superiour quality, 
robust mterfacial characteristics, and improved mobility. 

[00521 The electrical characteristics of a semiconductor devices formed according to 
embodiments of the present invention are analyzed with respect to the electrical characteristics of 
a semiconductor device formed by rapid thermal anneal without a nitriding process. Two 
semiconductor samples were formed. In each sample, a high dielectric layer 12 was formed on a 
semiconductor device 10 according to embodiments of the present invention. The high dielectric 
layers 12 comprised, for example, nano laminates including hafiiium oxides or zirconium oxides 
and aluminimi oxides or yttrium oxides. 

[00531 ^ a first sample, a high dielectric layer 1 2 having a thickness of 50 A was 
formed on a silicon substrate 10 using atomic layer deposition. Rapid thermal annealing was 
applied to the high dielectric layer at a temperature of 950 ""C for 30 seconds in a nitrogen 
atmosphere. The annealing formed a rapid thermal anneal (RTA) sample. 

[00541 In a second sample, a high dielectric layer 12 having a thickness of 50 A was 
formed on a silicon substrate 10 using atomic layer deposition according to embodiments of the 
present invention. A nitriding was applied to the high dielectric layer 12 and silicon substrate 10 
at a temperature of 750 °C for 60 seconds in an ammonia atmosphere. Having been subjected to 
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nitriding, the high dielectric layer 12 and silicon substrate 1 0 were subject to an oxidation 
treatment according to embodiments of the present invention. The oxidation treatment was 
applied at a temperature of 850 °C for 30 seconds in an oxygen atmosphere. The high dielectric 
layer 12 and silicon substrate were then annealed at a temperature of 950 °C for 30 seconds in a 
nitrogen atmosphere. This sample is labeled RTNOA to designate it as the sample that 
underwent rapid thermal nitriding oxidation annealing according to embodiments of the present 
invention. 

[0055] A polysilicon layer 14 was then applied to both the RTA and RTNOA samples. 
In addition, arsenic was implanted into the nMOS regions and boron was implanted into the 
pMOS regions after the deposition of the polysilicon layers 14. Activation annealing was 
applied to both samples at temperatures of 1000 ''C and 1025 °C following implantation. 

[0056] The electrical characteristics of the high dielectric layer processed using the 
treatment methods of the present invention are evaluated by testing the RTNOA sample and 
comparing the results of the tests to the results of similar tests on the RTA sample. The 
characteristics of the high dielectric layer where the annealing or oxidation treatment is 
optionally performed after fbe nitriding is applied, as described with respect to FIGS. 2-4, are not 
significantly different from the characteristics of the high dielectric layer in the RTNOA sample. 

[0057] FIGS. 6A and 6B illustrate graphs showing Capacitance-Voltage (C-V) curves 
of nMOS and pMOS regions, respectively, for an RTA sample. Specifically, as shown in FIG. 
6A, the C-V curves are not significantly different from each other for the two activation 
temperatures m the nMOS region. However, as shown in FIG. 6B, the RTA sample amiealed at 
the temperature of 1000 **C presents a normal C-V curve whereas the RTA sample annealed at 
the temperature of 1025 **C presents an abnormal C-V curve with respect to the pMOS region. 
The abnormal C-V curve for the pMOS region occurs due to the degradation of interfacial 
characteristics by severe infiltration of boron. 

[0058] FIG. 7 illustrates a graph showing the relationship between leakage current and 
an equivalent oxide thickness (EOT) for tiie RTNOA sample and tiie RTA sample. The x-axis 
denotes equivalent oxide tiiickness (EOT), and the y-axis denotes a leakage current at 1.5 V. 
FIG. 7 specifically illustiates the relationship between the leakage current of the nMOS 
accumulation region at 1.5V and EOT values for the RTNOA and RTA samples. For tiie same 
leakage current, tiie RTA and RTNOA samples have smaller EOT values, smaller by 4 to 5 A, 
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than an NSiO sample where the silicon oxide layer is formed as the gate instating layer and then 
the nitriding is applied. In addition, the RTA sample has a smaller EOT value than the RTNOA 
sample for the same leakage current. However, it is not certain that the RTA sample has superior 
characteristics to the RTNOA sample in terms of scalability because pMOS characteristics are 
not present in the RTA sample, which is thinner than 40 A, due to the penetration of boron. 

[0059] FIGS. 8A and 8B illustrate graphs showing C-V curves of nMOS and pMOS 
regions, respectively, for the RTA sample. FIGS. 9A and 9B illustrate graphs showing C-V 
cxirves of nMOS and pMOS regions for the RTNOA sample, respectively. The y-axis of FIGS. 
8A, 8B, 9A and 9B denotes normalized capacitances. 

[00601 In the RTA sample shown in FIGS. 8A and 8B, the width between the C-V 
hysteresis curves is large, i.e., 0.37V or 0.39V. On the other hand, the width between C-V 
hysteresis curves of the RTNOA sample shovra in FIGS. 9A and 9B is less than O.IV. This 
demonstrates that the interfacial characteristics of the RTNOA sample are superior to the 
interfacial characteristics of the RTA sample. 

[0061] FIGS. lOA and lOB illustrate graphs showing transconductance (Gm) values 
with respect to the electronic fields of nMOS and pMOS regions, respectively, for the RTA 
sample and the RTNOA sample. In FIGS. lOA and lOB, CET denotes capacitance measured 
equivalent oxide thickness, Vg denotes gate voltage, and Vth denotes threshold voltage. The 
width W and length L of the pMOS and nMOS regions are 10|xm and 0.1pm, respectively. 

[0062] Transconductance (Gm) is evaluated to observe the mobility characteristics of 
the samples. Gm is illustrated based on a NSiO sample where an oxide layer to which the 
nitriding is applied is used as a dielectric layer for comparison. In the RTA sample, Gm in 
nMOS regions corresponds to 45% in comparison with an NSIO sample using the nitriding oxide 
layer as the dielectric layer and corresponds to 5 1% in comparison with an NSIO sample. As a 
result of this, mobility is highly decreased. On the other hand, in the RTNOA sample, Gm in 
nMOS regions corresponds to 78% in comparison to an NSIO sample and GM in pMOS regions 
corresponds to 79% in comparison with an NSIO sample. Therefore, the mobility of RTNOA 
sample does not highly decrease in comparison with the RTA sample. 

[0063] FIGS. 1 1 A and 11 B illustrate graphs of current in an on-state (Ion) and current 
in an off-state (loff) of the nMOS and the pMOS regions, respectively, for the RTA and RTNOA 
samples. The drain voltage Vdd is set to 1 .2V. As shown in FIGS. 1 1 A and 1 IB, the current in 
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an on-state (or drive current) for the RTA sample of nMOS and pMOS regions corresponds to 
52% and to 50%, respectively, of the current in an off-state, i.e., lOnA, as compared to the NSIO 
sample. On the other hand, the current in the on-state for the RTNOA sample in nMOS and 
pMOS regions corresponds to 81% and to 80%, respectively, of the current in an off-state, i.e., 
lOnA, as compared to the NSiO sample. 

[0064] Table 1 summarizes some of the electrical characteristics of the RTA and 
RTNOA samples. 



Table 1 
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[0065] As shown in Table 1, the capacitance measured equivalent oxide thickness 
CETs of the nMOS and pMOS regions of the RTA sample are 22.7 A and 20.9 A, respectively, 
in the accumulation region and 26.8 A and 30.6 A, respectively, m the mversion region. On the 
other hand, in the RTNOA sample, the capacitance measured equivalent oxide thickness CETs of 
the nMOS and pMOS regions are 24.0 A and 23.3 A, respectively, in the accumulation region, 
and 28.1 A and 32.5 A, respectively, in the inversion region. Therefore, the RTNOA sample has 
relatively large CET values. However, the RTNOA sample has some margins in the leakage 
current, and the CET values can be reduced by adjusting the amount of oxidation used with the 
post thermal treatment. As to gate depletion, the nMOS and pMOS regions of the RTA sample 
present 84% and 68% respectively. However, in the RTNOA, the nMOS and pMOS regions 
present 85% and 72% respectively, a fact that demonstrates the superiority of the RTNOA 
sample. 
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[0066] In addition, the RTNOA sample presents superior gate depletion 
characteristics, hysteresis curves with small widtiis, and superior mobility when compared to the 
RTA sample. Although the RTNOA sample has the disadvantage of larger GET values than the 
RTA sample, it has some margins in the leakage current, which may allow the GET values to be 
reduced by optimising the temperature during oxidation. 

[0067] Ozone Rapid Thermal Nitride Oxide Anneal (ORTNOA) samples were formed 
by the same methods as a RTNOA samples of the present invention, wherein the ORTNOA 
samples also included an interfacial layer 1 1 of ozone oxide between the silicon substrate 10 and 
the high dielectric layer 12. The electrical characteristics of ORTNOA samples are compared to 
the electrical characteristics of the RTNOA samples. 

[0068] An RTNOA sample was fabricated according to embodiments of the present 
invention. An ORTNOA sample including an ozone oxide layer was also prepared according to 
embodiments of the present invention. Further, a nitride silicon oxide sample (NSIO) with a 
nitride oxide layer as a dielectric layer was prepared. Polysilicon layers were deposited on the 
high dielectric layers of the samples followed by the hnplantation of arsenic (As) m the nMOS 
regions and boron (B) into the pMOS regions. An activation anneal was performed on each of 
tiie samples at a temperature of between about 1000 and about 1025 °G. The electrical 
characteristics of the samples were then tested. 

[0069] FIGS. 13A and 13B are graphs illustrating the leakage current for an 
ORTNOA sample and an RTNOA sample according to the present invention. In particular, FIG. 
13 A is a graph of the current density with respect to a gate voltage. The center of the x-axis 
represents zero volts with the pMOS region illustrated to the left of the x-axis center and the 
nMOS region illustrated to the right of the x-axis center. FIG. 13B illustrates the cumulative 
distribution of current density with a gate voltage of ± 1 .5V. The left side of FIG. 13B is related 
to the pMOS regions and the right side is related to the nMOS regions. In each case, the width 
and length of the gates of the pMOS and nMOS regions were 50 ^un, respectively. The thickness 
of equivalent oxide layers of the ORTNOA sample and RTNOA sample were 19.9 A and 19.7 A, 
respectively, which are not significantly different from each other. 

[0070] It is apparent from FIGS. 13A and 13B that the leakage current of the 
ORTNOA sample is less than that of the RTNOA sample and the NSIO sample. Thus, the 
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leakage current of the ORTNOA sample can be reduced without an mcrease in the thickness of 
the equivalent oxide layer. 

[0071] A graph of the negative bias temperature instability (NBTI) of the RTNOA and 
ORTNOA samples is illustrated m FIG. 14. 

[0072] The threshold voltage (Vt) of a transistor shifts once voltage and temperature 
stress are applied to a semiconductor device. Typically, when the threshold voltage Vt shift is 
more than 50 mV, the lifetime of the transistor ends. FIG. 14 illustrates a graph that may be used 
to explain the negative bias temperature instability (NBTI) of the ORTNOA and RTNOA 
samples. The x-axis of the graph denotes a gate voltage for the sample and the y-axis denotes 
the lifetime of the transistor. As illustrated, the ORTNOA sample has a gate voltage of about 
-2.32 V for a 10-year lifetime while the RTNOA sample has a gate voltage of about -1 .53 V for 
a 10-year lifetime. The difference between the ORTNOA and RTNOA gate voltages at the 10- 
year lifetime is about 0.8 V, thus the ORTNOA sample has a gain of about 0.8 V. This gain 
represents a reduction in the NBTI for the ORTNOA sample. 

[0073] FIGS. 15A and 15B illustrates graphs showing the C-V characteristics and the 
transconductance (Gm) characteristics of the ORTNOA sample and the RTNOA sample formed 
according to embodiments of the present invention. As illustrated, there is not a significant 
difference between the ORTNOA sample and the RTNOA sample in terms of the C-V 
characteristics and the maximum Gm values. Thus, the ORTNOA and RTNOA samples have 
similar C-V and Gm characteristics. 

[0074] The ORTNOA structures formed according to embodiments of the present 
invention demonstrate a reduction in leakage current and a reduction in NBTI as compared to 
RTNOA structures formed according to embodiments of the present invention. Furthermore, the 
ORTNOA samples do so without degradation of the electrical characteristics. 

[0075] It has also been found that the characteristics of an ORTNOA sample where 
the annealing or oxidation treatment is optionally performed after nitriding is applied do not 
significantly change. 

[0076] High dielectric layers formed according to embodiments of the present 
invention and used as gate insulating layers exhibit superior mobility and interfacial 
characteristics. Further, the formation of an ozone oxide interfacial layer between a silicon 
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substrate and high dielectric layer can reduce the leakage current and NBTI without the need for 
an increase in an equivalent oxide layer. 

[0077] The high dielectric layers formed according to embodiments of the present 
invention may also be used as capacitor insulating layers of a semiconductor device, as 
insulating layers between a floating gate and a control gate of a volatile device, as well as a gate 
insulating layer of a semiconductor device, 

[0078] Having thus described certain embodiments of the present invention, it is to be 
understood that the invention defined by the appended claims is not to be limited by particular 
details set forth in the above description as many apparent variations thereof are possible without 
departing from the spirit or scope thereof as hereinafter claimed. 
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